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A dielectric object irradiated with a strongly focused laser beam is affected by the trapping force as
well as the scattering force. When the object is chirally shaped, it can be rotated in a certain
direction. Here, we show that the rotational direction is controlled as desired only by changing the
position of the focal spot on the same chiral object. We show the experimental evidence of the mode
switching by using a helical chromosome under steady illumination of a Nd31:YAG laser
beam. © 2002 American Institute of Physics. @DOI: 10.1063/1.1527235#
It is a challenging task to construct a rotating motor of a
micron scale that works at a desired speed and direction un-
der remote control. In the past two decades, it has been well
known that a focused laser beam can be used to trap and
manipulate microparticles in an aqueous environment. This
technique has been also applied to make microparticles ro-
tate in a certain direction. Ashkin suggested that rotation will
be induced on a micro-object optically levitated with a fo-
cused laser beam that has a circular polarization.1 However,
single beam trapping is unstable in this scheme. Dholakia
et al.2 utilized the orbital angular momentum of Lagguerre–
Gaussian beams to generate rotation. Masuhara et al.3
showed that a micro-object can be rotated with scanning la-
ser micromanipulation. Though these techniques enable an
easy switching of a rotational direction, they require compli-
cated optical systems. There is another research stream to
construct an optical rotor by utilizing a chirally shaped object
to generate a torque through light scattering.4,5 On account of
the chiral shape of the optically trapped object, the scattering
force affords a torque to the object and rotates it around the
trapping center, namely the focal spot of the light. Altough
the latter mechanism enables stable high-speed rotation only
by a single laser beam with simple devices, it has been re-
garded that the direction of the rotary motion is uniquely
determined by the chirality of the object and can never be
reversed on the same object.
In this letter, we show that a single object can be rotated
in the desired direction, clockwise or counterclockwise. It is
achieved by controlling the location of the trapping center on
the rotor, without any change in the optics. In the experi-
ment, we chose a chromosome in the sperm nucleus of it
Xenopus laevis,6 an amphibian popular in biological experi-
ments, as a chirally shaped rotor, which consists of deoxyri-
bonucleic acid ~DNA! and other proteins that are packed into
a left-hand sided helical shape of 20 mm length and 1 mm
diameter. We attached a negatively charged polystyrene bead
~2 mm diameter! to a desired position on the chromosome
that is positively charged. The bead serves as a trapping cen-
ter when the chromosome-bead complex is optically trapped,
because the bead has a high refractive index.
The chromosome lies in a preferable orientation and ro-
tates around the light axis immediately after it has been
trapped. According to the location of a bead sticking, the
mode of rotation changes in a characteristic manner as
shown in Fig. 1. With an attached bead as a trapping center,
three different modes are observed. In mode A @Fig. 1~a!#;
the chromosome rotates clockwise around the bead, which is
attached to the inside end of the helix. In mode B @Fig. 1~b!#;
the chromosome rotates counterclockwise around the bead,
which is attached to the outside end of the helix. In mode C
@Fig. 1~c!#; the chromosome rotates counterclockwise around
the bead located near the center of the helix. The chromo-
some lies almost horizontally in this mode. On the contrary,
in the absence of an attached bead, only a clockwise mode is
generated as mode D @Fig. 1~d!#, in which the chromosome
is trapped by the central part. It has been confirmed that the
angular velocity of the chromosome depends linearly on the
power of the incident light beam in all of these modes @Fig.
2~a!#.
We will subsequently discuss how the helical chromo-
some is trapped and rotated. The electromagnetic force on a
dielectric object irradiated with a focused laser beam is ap-
proximately divided into an attracting part and a scattering
part.7 In this system, while the attracting force determines the
position and orientation of the chromosome, the rotation is
driven by the light-scattering force due to the chiral shape of
the object.
To confirm this consideration, we estimated the light-
scattering torque and the drag torque in a semiquantitative
manner. First, the shape of the choromosome is assumed to
be a helical tube as shown in Fig. 3~a!.8 In the calculation
procedure, the helical tube is placed on the appropriate posi-
tion to the optical cone in each mode as in the right-hand
side column of Fig. 1. The intensity distribution of the fo-
cused single Gaussian beam is supposed to be I(x ,y ,z)
52I0 /p(w021tan2 bz2)exp$22(x21y2)/(w021tan2 bz2)%,
where w0 is the radius of the minimum beam waist, b is the
half angle of the optical cone, and I0 is the power of the
incident beam. The light-scattering force is calculated as fol-
lows. At each small part of the helical tube, denoted by u, the
scattering ray is determined by the laws of ray optics9 for the
given incident light ray. The difference between the momenta
of the scattering and the incident rays is conveyed to the tube
as optical force @Fig. 3~b!#. The torque about the rotational
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axis ~optical axis! corresponding to this force is integrated
over the whole tube to be the scattering torque TS(I0). Simi-
larly, the drag torque is also calculated. The drag force for
the velocity at each small part of the tube is derived with the
Oseen approximation10 by replacing the helical tube with a
virtual long cylinder at the point. Then, the torque corre-
sponding to that drag force is integrated over the whole tube,
and the drag torque TD(v) is obtained as a function of the
angular velocity v. Since the scattering torque and the drag
torque balance each other as TS(I0)5TD(v) at the steady
rotation, we obtained the relationship between I0 and v. The
result is shown in the Fig. 2~b!. The sign and the magnitude
agree with the experimental trend in spite of such rough ap-
proximation.
In the aforementioned calculation, it is to be noted that
the sign and magnitude of the scattering torque is almost
determined by the limited region around the focus. This is
because the scattering torque about the rotational axis is pro-
portional to the local intensity of the highly focused light, the
torque exerted near the focus plays a dominant role. Based
FIG. 1. ~Color! Various modes of rotation of the left-hand sided helical
chromosomes. The series of microscopic images of the rotating chromo-
somes ~the bars represent 5 mm!, together with the schematic images of the
side view. ~a! Mode A: Clockwise rotation, where an optically trapped bead
locates inside the end of the helical chromosome. ~b! Mode B: Counter-
clockwise rotation, where a trapped bead locates outside the end of the
helix. ~c! Mode C: Counterclockwise rotation, where the trapped bead lo-
cates near the center of the helix. ~d! Mode D: Clockwise rotation, where the
helix itself is optically trapped by its center. The powers of the incident
beam were 10 mW in ~a! and ~b!, and 20 mW in ~c! and ~d!.
FIG. 2. Relationship between the power of the incident beam and the angu-
lar velocity of the chromosome in ~a! the experiment and ~b! the numerical
estimation. In each graph, the closed circles, the closed squares, the open
circles, and the open squares correspond to rotational modes A, B, C, and D,
respectively.
FIG. 3. Procedure on the numerical estimation of the scattering and drag
torque. ~a! The shape of the chromosome is assumed to be a helical tube of
radius c with a core given as x5a sin u, y5a cos u, and z5bu (0<u
<2p). The parameters a ,b , and c are indicated in the figure. ~b! For each
small part of the helical tube, the scattering force is determined by ray
optics. The momentum-flux vectors ki ,kt , and kr denote the incident, trans-
mitted, and reflected rays, respectively. FS is the scattering force given by
Fs5kt1kr2ki . FD is the drag torque from the solvent for the velocity V of
this small part.
FIG. 4. ~Color! The schematic images of the rotating chromosomes in ~a!
Mode A, ~b! Mode B, ~c! Mode C, and ~d! Mode D. The red arrows indicate
scattering force acting on the chromosomes. TCs indicate the locations of
the trapping centers ~focuses!, and NPs represent the positions of the null
planes of torque.
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on this consideration, the effective force acting on the chro-
mosome is schematically shown in Fig. 4. As illustrated in
Fig. 4, the scattering-force vector is along the helix of the
chromosome, and the force near the focus determines the
direction of rotation.
Let us discuss further why the direction of rotation is
opposite between modes A and B, which have only a slight
difference in the position of the attached beads. The geom-
etry of the helical objects in these modes is close to each
other, especially in the small regions within 2–3 mm from
the trapping centers. Therefore, the scattering force F, acting
on these regions, denoted by r0 , is almost the same. Since
that force F is nearly equal to the total force on the object as
mentioned herein, the net torque in modes A and B is written
as TA’(r02rA)3F and TB’(r02rB)3F, where rA and rB
are the trapping centers ~‘‘TCs’’ in Fig. 4! in modes A and B,
respectively. These equations indicate that the signs of TA
and TB are opposite because the trapping centers, rA and rB ,
are across the force-acting point r0 , to put it more precisely,
across a plane that is determined from r0 , F, and the light
axis. Call this plane ‘‘the null plane of torque’’ ~‘‘NPs’’ in
Fig. 4!.
In conclusion, it has been experimentally shown that the
rotation of a single light-driven rotor can be reversed by
controlling the location of the trapping center. The mode
switching in the rotational motions of the rotor can be ex-
plained semiquantitatively by considering the light-scattering
torque. The reversal of the rotation in the special cases
~modes A and B! is also understood qualitatively in terms of
the null plane of torque. Since the idea of the null plane of
torque is quite general, it is promising to design and to fab-
ricate bidirectional rotors based on this concept.
The authors would like to thank Dr. T. Akitaya and Dr.
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